Two types of transient responses have been investigated in fly motion-sensitive neurons in the past: the impulse and the step response. In response to a brief motion pulse, cells show a sudden rise in activity followed by an exponential decay (Ôimpulse responseÕ). In response to the onset of a constant velocity stimulus, cells exhibit transient oscillations before settling to a steady-state value (Ôstep responseÕ). Since the impulse response has been shown to shorten when tested after presentation of an adapting motion stimulus, we investigated whether adaptation also occurs during the step response. We tested this hypothesis by recording extracellularly the response of the H1-cell in the lobula plate of the blowfly Calliphora vicina to gratings of varying pattern contrasts and drift velocity.
Introduction
Motion detection is one of the most basic tasks any visual system has to perform. While motion information is of utmost importance for visual orientation and stabilization in space, it is not explicitly represented at the output level of retinal photoreceptors. Instead, it has to be computed from the changing retinal images by the nervous system. The way that this is done has been intensely investigated in the past with a focus on retinal ganglion cells (Barlow & Levick, 1965; Borg-Graham, 2001; Taylor, He, Levick, & Vaney, 2000) , cortical motion-sensitive cells (Heeger, Boynton, Demp, Seidemann, & Newsome, 1999; Mikami, Newsome, & Wurtz, 1986; Movshon & Newsome, 1996) and on various invertebrate model systems (Glantz, 1991; Hassenstein & Reichardt, 1956; Poteser & Kral, 1995; Reichardt, 1961; Single & Borst, 1998; Thorson, 1964) . In most of these studies the steady-state response properties of the neurons were investigated by using constant motion stimuli. In real life, however, this cannot be expected to be the state in which the system normally operates. There, dynamic stimulus conditions will prevail, evoking mostly transient responses of the motion detection system.
As an example of such transient responses, the socalled Ôimpulse responseÕ has been studied in detail in fly motion-sensitive neurons (Borst & Egelhaaf, 1987; de Ruyter van Steveninck, Zaagman, & Mastebroek, 1986; Srinivasan, 1983) : When stimulated by a sudden displacement of a pattern which is equivalent to a brief motion pulse, the neural response was found to rise suddenly and decay exponentially to its resting level, much like the impulse response of a first-order low-pass filter. On top of that, the decay time turned out to depend on the stimulus history (Borst & Egelhaaf, 1987; de Ruyter van Steveninck et al., 1986) : A motion stimulus presented shortly before the motion pulse led to a significant shortening of the response decay time as compared to the response evoked by the isolated presentation of the motion pulse. The extent to which the response decay time shortened depended on the velocity and contrast of the adapting motion stimulus in a systematic way (de Ruyter van Steveninck et al., 1986) .
Another example of a transient response can be observed when neurons are stimulated by an abrupt onset of constant motion. Using a further analogy to linear filter theory, such a response transient is called Ôstep responseÕ, as opposed to the Ôimpulse responseÕ introduced above. The response transients of the step response were first observed in extracellular recordings of the fly motion-sensitive neuron H1 by Maddess (1986) . They are characterized by oscillations that have the same frequency as the temporal frequency of the periodic pattern, i.e. the number of black and white stripes per second passing by a single location in the visual field of the neuron. The response oscillations turned out to be damped over several seconds and were completely determined by the presence of the stationary grating before the onset of motion: When a blank field was presented before the motion stimulus instead, no oscillations occurred at all (Maddess, 1986) . Therefore Maddess coined the term ÔafterimageÕ for these response oscillations. Independently, the same kind of oscillatory response transients were postulated by Borst and Bahde (1986) based on their simulations using the correlationtype of motion detection model (Reichardt, 1961 ; for review see: , 1993 Reichardt, 1987) . Transient response oscillations were also found in fly motion-sensitive neurons other than H1 using intracellular recording techniques . Thus, it can be concluded that the phenomenon is not specific for only a certain neuron type but, in contrast, represents a basic feature of the movement detection system. Moreover, in this study response oscillations were also observed when a pattern was moving in the anti-preferred (i.e. the null direction) of the neuron.
Both types of response transients, i.e. the initial oscillations in the step response as well as the impulse response, reflect the dynamic features of the motion detection system, which are determined by its computational structure as well as by the time-constants of the participating neural filters Egelhaaf, Borst, & Reichardt, 1989) . It has been suggested that the shortening of the time-constant of the impulse response reflects an adaptive process of the motion detection system to change or extend the operating range of the motion detection system according to the prevailing image velocities (Borst & Egelhaaf, 1987; de Ruyter van Steveninck et al., 1986; Harris, OÕCarroll, & Laughlin, 2000) . Therefore, as this shortening was concluded to be adaptive, it seems reasonable to expect this to happen in the step response as well. In order to investigate whether this is indeed the case, we studied both the impulse and step response under identical stimulus conditions, recording extracellularly from the spiking visual interneuron H1 of the blowfly Calliphora vicina. In addition, we examined the mechanisms and spatial properties controlling the changes in the dynamics of the impulse and the step response. In order to discriminate whether such changes are driven by local or global mechanisms, we used inhibitory motion stimuli as well as excitatory stimuli of different sizes and contrasts, and different spatial layouts for the presentation of adapting and test stimuli.
Material and methods

Animals
Female blowflies (C. vicina) from our laboratory colony were briefly anesthetized with CO 2 and glued with wax ventral side up onto a small piece of glass. The legs were cut off and the abdomen, wings and antennae were immobilized with wax. The head was bent forward and waxed to the sternum. The head capsule was opened from behind, and the air sacs, trachea and fat bodies were carefully removed to access the lobula plate. Thereafter, flies were transferred to the recording set-up. At the time of the experiments, flies were between 10 and 18 days old.
Visual stimuli
Visual stimuli were presented on a Tektronix CRT monitor (width: 10 cm, height: 13 cm) located 15 cm in front of the fly. The center of the screen was at 0°ele-vation from the equator of the flyÕs eyes. As seen by the fly, the monitor had a horizontal angular extent of 37°a nd a vertical extent of 44°. The pattern consisted of a square wave grating with a spatial wavelength of 11.5°, produced by an image synthesizer (Picasso, Innisfree Inc., USA) at a frame rate of 200 Hz. The image synthesizer was controlled by a Pentium III PC via a DAS16/12 board (ComputerBoards, Inc., USA). The pattern moved at temporal frequencies (i.e. the ratio between the angular velocity of the pattern and its spatial wavelength) ranging from 0.1 Hz to 16.7 Hz. In most experiments the contrast of the pattern was adjusted to 11%, 19% or 95%. The mean luminance of the pattern amounted to about 17 cd/m 2 . The stimulation software was written in Delphi (Borland).
Recording
Extracellular recordings were made from the H1 cell, a wide-field movement sensitive neuron located in the lobula plate of flies (Hausen, 1981 (Hausen, , 1984 . Spikes were recorded with a tungsten electrode (R ¼ 2-5 MX, MicroProbe Inc., MD, USA). As reference, a glass electrode filled with 1 M KCl was placed in the upper part of the ipsilateral lobula plate. Recordings were band-pass filtered, amplified and fed into a threshold device that converts spikes in pulses of fixed height and duration. There pulses were transferred at 1 kHz temporal resolution to a computer (Pentium III based PC) by using a PC-Card-DAS16/12 (ComputerBoards Inc., USA). Both the fly and the monitor were inside a dark cage during recordings.
Experiments
The H1 neuron has extensive dendritic arborizations and sends its axon to the contralateral lobula plate. All recordings were made from the axonal endings. Stimulus directions given in the following therefore refer to the contralateral eye. In order to identify the H1 neuron by its visual response to motion input, flies were stimulated with a pattern moving back and forth with a square wave velocity profile at 2 s cycle. The H1 neuron increases its spike frequency above the resting level during back to front motion (Ôpreferred directionÕ), and decreases its spike frequency during front to back motion (Ônull directionÕ).
Step response
We analyzed the step responses of H1 to patterns of various contrasts moving at different constant temporal frequencies in either the preferred or null direction of the cell. The H1 cell has a low spontaneous firing frequency that is further reduced during null direction motion. This poses the problem that the dynamic range of the response to null direction motion is strongly limited (Borst & Haag, 2001 ). To study the dynamics of the motion response to null direction stimuli (Figs. 7-9), we, therefore increased the resting firing rate of the cell by presenting preferred direction motion in a separate area within the receptive field of the neuron . We divided the screen in a central window, where null direction stimuli were displayed, and two flanking windows 2.5 cm height each where a pattern moved all the time in the preferred direction of the H1 (temporal frequency 1 Hz; pattern contrast 95%). The central window had a vertical extent of approximately 15°as seen by the fly. The screen, showing the central and the flanking windows, had an angular vertical extent of 44°and a horizontal angular extent of 37°. The increased firing rate, due to preferred direction motion in the flanking windows, served as a new reference signal. We also analyzed the step responses of H1 to patterns of varying contrasts (6%, 18% and 63%) and sizes (horizontal extent: 65°in all cases, three vertical extents: 17°, 45°and 74°) moving along the preferred direction of the cell (duration ¼ 3 s; temporal frequency ¼ 3.1 Hz).
Impulse response
The impulse response of the H1, i.e. its response to a brief motion stimulus (Ôtest stimulusÕ) was analyzed before and after the presentation of constant motion stimuli (Ôadapting stimulusÕ) of various contrasts and temporal frequencies. Test stimuli lasted 20 ms and had a temporal frequency of 10 Hz; adapting stimuli lasted 3 s. In another experiment (Fig. 11 ) test and adapting stimuli were presented in the same or a different region of the visual field. For that, the screen was divided in an upper and a lower part where stimuli were displayed. A black stripe 2 cm height, located at an elevation of 0°f rom the equatorial plane of the flyÕs eye, was placed between the two screens.The adapting stimulus lasted 3 s and had a temporal frequency of 2 Hz; the contrast of the pattern amounted to 95%.
Data normalization and analysis
For each fly the mean responses were averaged in consecutive time windows of 10 ms. In the case of motion stimuli along the preferred direction of H1, the resting spike frequency (averaged during 2 s before the onset of each motion stimulus) was subtracted from the responses of the cell. For each contrast, data were normalized by determining the maximum spike frequency for each fly from its responses to all velocities and dividing these responses by the maximum response. For null direction motion stimuli the resting frequency (that was increased above the resting level by preferred direction motion) was not subtracted from the responses. Data were processed as for preferred direction motion.
Results
3.1.
Common properties between the step-and the impulse-response 3.1.1. Experiment I: preferred direction velocity modulation
We analyzed the responses of H1 to moving patterns of varying contrasts and drifting velocities. After being stationary for 4 s, the pattern moved at a constant velocity in the preferred direction of H1 for 3 s. This sequence was repeated for a total of eight temporal frequencies (0.1, 0.2, 0.5, 1, 2, 5, 10, and 16.7 Hz) and three pattern contrasts (11%, 19% and 95%) . Fig. 1 shows the time course of the H1Õs responses. In response to the onset of motion cells exhibited transient oscillations and then settled to a steady-state value (Ôstep responseÕ). The transient response oscillated with the temporal frequency of the motion stimulus. At low contrasts these oscillations lasted for several seconds, whereas at high contrasts they settled to a constant value within fractions of a second. The duration and the amplitude of the oscillations increased as the velocity increased (Fig. 1 , from top to bottom), and diminished as the contrast of the pattern increased (Fig. 1 , from left to right).
Stimulus dependent differences are also evident in the responses of the H1 at the beginning and the end of the motion stimulation period. The delay between the onset of motion and the time at which H1 reached its maximum spike rate shortened as both the velocity and the contrast of the pattern increased. Also, when the pattern stopped moving the response decayed back to the resting level in a contrast and velocity dependent manner. In addition, at 16.7 Hz a conspicuous transient response was observed when the pattern stopped moving (Fig. 1 , bottom row). This response decayed faster as the contrast of the pattern increased.
We evaluated the steady-state responses of the cell, i.e. the response after the initial transients of the neuron had settled to a steady-state firing rate ( Fig. 2A) . Steady-state values were calculated by averaging the firing rates (during 0.8 s) 2 s after the beginning of the stimulation period. As expected, the steady-state responses increased as the contrast of the pattern augmented ( Fig. 2A) . For all contrasts the steady-state responses of H1 increased with increasing the temporal frequency of the pattern, reaching a maximum at 2 Hz. For higher temporal frequencies, the firing rate decreased again ( Fig. 2A) . Thus, the frequency tuning of H1 revealed an optimum at a temporal frequency of 2 Hz irrespective of the pattern contrast.
Experiment II: preferred direction contrast modulation
As can be seen in Fig. 1 , one remarkable feature of the response of the H1 to a constantly moving periodic pattern is an initial response transient that oscillates with the temporal frequency of the motion stimulus. These oscillations have been previously observed and shown to critically depend on the presence of the stationary grating before motion stimulation (Maddess, 1986) . In the following experiment we examined how the removal of the initial response transients affected the step responses of H1. For that, we repeated the previous experiment, but this time the screen was blanked to a mean luminance between presentations of motion stimuli. Thus, the pattern was only visible while moving.
As before, at the onset of motion the H1 exhibited a transient response and then settled to a steady-state firing rate (Fig. 3) . However, the transient response did not exhibit any oscillations. This clearly demonstrates that the oscillations observed in Fig. 1 were dependent on the presence of a stationary pattern before motion stimulation, as previously reported (Maddess, 1986) . Although not modulated over time, the transient response decayed faster as both the contrast (most clearly seen at high velocities) and the temporal frequency of the pattern increases (e.g., 2 vs. 10 Hz, Fig. 3 ). This behavior mimics the way that the duration and the amplitude of the transient oscillations observed in Fig. 1 varied with the properties of the moving pattern. In addition, at 0 and 0.1 Hz, two transient responses were observed at the onset and the end of the motion period. The duration of these responses shortened as the contrast and the temporal frequency of the pattern increased (Fig. 3 , second and third row). Since these transients were also observed when a blank screen followed by a stationary pattern was presented (Fig. 3 , first row), we, therefore, conclude that they represent motion-independent response components.
The steady-state responses of these experiments (calculated as for the previous experiment) are shown in Fig. 2B . At 11% and 19% pattern contrasts, the relative responses were higher than in the previous experiment (compare with Fig. 2A ). For all contrasts the temporal frequency tuning of H1 exhibited an optimum at 2 Hz, as was the case in the previous experiment.
Experiment III: adaptation of the impulse response
Besides the transient response evoked by the onset of a constant motion stimulus, another type of transient response has been studied in fly motion-sensitive cells. In response to a brief motion pulse, motion-sensitive cells show a sudden rise in activity followed by an exponential decay (Ôimpulse responseÕ, Srinivasan, 1983) . It has been shown that the time-constant of the impulse response shortens when tested after presentation of a constant velocity stimulus (Borst & Egelhaaf, 1987; de Ruyter van Steveninck et al., 1986) . In the following experiment we analyzed the impulse responses of H1 before and after the presentation of constant motion stimuli of different contrasts and temporal frequencies.
An example of the stimulus protocol used in this experiment is shown in the lower part of the Fig. 4A . Two identical motion pulses (Ôtest stimuliÕ) were displayed before and after the presentation of a constant motion stimulus (Ôadapting stimulusÕ). Then, the adapting stimulus was given in isolation. After this sequence of events (ÔsweepÕ), the temporal frequency of the adapting stimulus was changed (see legend to Fig. 4 for details). The top part of Fig. 4A shows an example of the responses of H1. Clearly, the impulse response (the Fig. 1 . Responses of H1, a motion-sensitive interneuron located in the lobula plate of flies, to a moving grating. The stimulus consisted of square wave pattern that moved for 3 s in the preferred direction of the cell at the indicated contrasts (columns: 11%, 19% and 95%) and temporal frequencies (rows: eight different values ranging from 0.1 to 16.7 Hz). Each stimulus condition was presented about 50-80 times to each fly. One complete stimulus sequence lasted 180 s. For each fly, the firing rate was calculated on a 10 ms bin width. The resting spike frequency (averaged during 2 s before the onset of each motion stimulus) was subtracted from the responses of the cell. For each contrast, data were normalized by determining the maximum spike frequency for each fly from its responses to all velocities and dividing these responses by the maximum response. Graphs show mean values of four flies. The mean peak spike frequency for each temporal frequency and contrast is shown in parentheses. The standard error of the mean was 13.9% of the mean response (determined at 0.1 Hz, 95% pattern contrast). Note that the duration and the amplitude of the transient oscillations produced by the onset of motion diminished as the contrast of the stimulus increases.
response to the brief motion pulse or Ôtest stimulusÕ) shortened after the presentation of a constant motion stimulus. However, as can be seen in Fig. 4B (black trace), the response is superimposed on the response decay of the preceding adapting stimulus (red trace showing the response to the isolated adapting stimulus). However, subtracting the response to the isolated adapting stimulus from the trace allowed us to disentangle the two response components and thus properly compare the impulse responses before and after motion adaptation (Fig. 4C) .
After each sweep the pattern remained stationary for 70 s after the last motion stimulus presentation, a time period long enough to allow H1 to fully recover its sensitivity (Maddess & Laughlin, 1985) . In addition, we made a series of control experiments to ensure that this was indeed the case under our experimental conditions. This control consisted of 20 consecutive presentations of the test stimulus alone at intervals of 6 s. A total of about 100-150 of such control sweeps were presented to each fly. The mean response obtained from this control series was indistinguishable from the impulse response before motion adaptation (data not shown). This result assures that in the experimental sweeps the impulse response was not already adapted before the presentation of the adapting stimulus. Fig. 5 shows the impulse responses before (black traces) and after (red traces) the presentation of adapting stimuli of different contrasts and temporal frequencies. At all temporal frequencies, the impulse response after motion adaptation shortened more at 95% (right column) than at 19% pattern contrast (left column).
We previously observed that the duration and amplitude of the initial transient oscillations of the step response were reduced with increasing contrast and velocity of the pattern (Fig. 1) . To study this similarity between the dynamics of the step and the impulse response we compared both responses and their dependences on pattern contrast and temporal frequency (Fig. 6 ). Fig. 6A shows that both the stepand impulse (black and red curve) response follows similar time courses. This becomes more obvious when instead of the measured step response the amplitude of the oscillations as a function of time is plotted (green curve).
In order to quantify the magnitude of the reduction of the impulse response we defined a reduction (R) index as R ¼ ðA before À A after Þ=A before , where A before and A after represent the temporal integrals of the impulse responses before and after motion adaptation, respectively. Fig. 6B shows how the magnitude of the reduction of the impulse response after motion adaptation depends on the contrast and the temporal frequency of the adapting stimulus. We used the same measure to describe the time course of the oscillations evoked by the step response (Fig. 6C) . Therefore we first determined the amplitude of the oscillations as a function of time (green curve in Fig. 6A ) and then calculated the temporal integral. The reduction index was then calculated according to the given definition with the temporal integral of the oscillations measures at low contrast (11%) as the reference (A before ). Since there are too few data points for low temporal frequencies we omitted the values for temporal frequencies smaller than 2 Hz. As for the results of the impulse response, the reduction is larger for the high-contrast stimulus than for the middle contrast stimulus. In summary, thus, it appears that the dynamics of both types of response transients depend on the stimulus parameters in a similar way. Fig. 1 . For each fly and stimulus condition the steady-state values were calculated by averaging the firing rates (individual responses calculated as described in Fig. 1 ) over a time window of 800 ms at the end of the motion phase (the latest 200 ms were excluded). Responses were normalized to the maximum response to all stimulus conditions. (B) Same as (A), but data (mean AE SEM, n ¼ 5) were obtained from the data set shown in Fig. 3 . Note that in both cases the curves have their maximum at about 2 Hz. Their general shape does not change substantially for different stimulus contrasts. In both panels the mean steady-state spike frequencies for a 2 Hz motion stimulus are shown in parentheses.
Spatial characteristics and mechanisms controlling adaptation
Experiment IV: null direction velocity modulation
In this experiment we analyzed the responses of H1 to null direction motion stimuli. To increase the dynamic range for null direction responses, we partitioned the screen. In the central window, after being stationary for 4 s, a square wave pattern drifted for 3 s in the null direction of the cell at a constant temporal frequency. This sequence was repeated for a total of eight contrast frequencies and three pattern contrasts. In addition, on top and below the central window, the pattern moved all the time (i.e. also between presentations of null direction motion stimuli) along the preferred direction of the cell. This procedure increased the firing rate of H1 well above its resting level (from 30-40 to 80-100 Hz, depending on the cell) thus increasing the dynamic range of response of H1 during null direction motion and preventing response saturation Borst & Haag, 2001) . Fig. 7 shows the time course of the responses of H1 to null direction motion. In most cases the firing rate of the cell decreased below its resting level. As observed for preferred direction motion (Fig. 1) , H1 exhibited transient oscillations at the beginning of the stimulation period and then settled to a steady-state firing rate. The transient response oscillated with the temporal frequency of the moving stimulus. At 11% pattern contrast, except for the initial transient responses, motion did not affect considerably the activity level of H1. Therefore, reliable comparisons were only possible between the Fig. 3 . Same stimulus protocol as used in Fig. 1 , but the screen was blanked to a mean luminance level between presentations of the motion stimuli. The pattern moved at the five contrast frequencies indicated (rows 2-6). Each stimulus condition was presented 40-50 times to each fly. The graphs in the first row depict the results of an additional series in which the moving pattern was replaced by a stationary one (150 presentations per pattern contrast). The spike frequencies were calculated and normalized as explained in the legend to Fig. 1 . Graphs show mean values of five flies (rows 2-6) and two flies (row 1). The mean peak spike frequency for each temporal frequency and contrast is shown in parentheses. The standard error of the mean was 5.5% of the mean response (determined at 0.1 Hz, 95% pattern contrast). Note that the initial transient oscillations observed in Fig. 1 do not occur under these stimulus conditions. responses obtained at 19% and 95% patterns contrasts. At these two contrasts, the amplitude of the oscillations increased as the temporal frequency of the stimulus augmented (Fig. 7 , from top to bottom). In addition, at all temporal frequencies the oscillations lasted longer and their amplitudes were higher at 19% than at 95% pattern contrast (Fig. 7, second vs. third column) . These findings parallel the observations for the transient oscillations along the preferred direction of H1 (Fig. 1) . Decreasing the activity of the H1 (by increasing the contrast of the null direction motion stimulus) reduces the duration and amplitude of the transient response in the same way as observed by increasing its activity by preferred direction motion. Thus, the reduction of the response transients is independent of the direction of motion, suggesting that that it is not determined by the overall activity of H1 but rather by the local properties of the stimulus.
Further inspection of the data shown in Fig. 7 revealed that the delay between the onset of motion and the time at which H1 reached its maximum response shortened as both the velocity and the contrast of the pattern increased. Also, when the pattern stopped moving the response returned to its resting level more quickly as the velocity and the contrast of the pattern increased. These results parallel those observed for preferred direction motion and again suggest that motion adaptation is not determined by the overall activity of the H1.
After the transient response produced by the onset of constant motion, the activity of H1 settled to a steadystate firing rate that depended on the velocity and the contrast of the motion stimulus (Figs. 7 and 8A ). At 11% contrast only weak responses, with a maximum at 1-5 Hz, were evoked by null direction motion (Fig. 8,  squares) . At 19% and 95% pattern contrasts the responses increased monotonically with the temporal frequency of the stimulus reaching a maximum at about 2 and 5 Hz, respectively (Fig. 8A) . Thus, as for preferred direction motion (Fig. 2) , the velocity tuning of H1 to null direction motion exhibits an optimum at around 2 Hz temporal frequency, and is not much affected by the contrast of the pattern.
Experiment V: null direction contrast modulation
As shown in Fig. 3 , the transient oscillations occurring after the onset of preferred direction motion are caused by the presentation of a stationary pattern before motion stimulation. In the following experiment we analyzed whether the same phenomena also occurred during null direction motion. For that, the central screen was blanked to a mean luminance between presentations of null direction motion stimuli. As in the previous experiment, the grating surrounding the central screen was drifting along the preferred direction to increase the firing frequency of H1. Fig. 9 shows the results of this experiment. As for preferred direction motion (Fig. 3) , a non-oscillatory transient response was produced at the onset of the motion stimulus. Only weak responses were observed at 11% contrast. The transient response decayed faster with increasing the temporal frequency and the contrast of the pattern. At 0.1 and 0.5 Hz a transient response was observed when the pattern stopped moving. In addition, a motion-independent response was observed when a stationary pattern was presented after the blank screen (Fig. 9, top row) . As for preferred direction motion, their amplitudes and time courses were affected by the contrast of the pattern.
In summary, adaptive changes in the transient period of the step response not only occur during null direction motion, but they persist even after removal of the afterimages, as observed for preferred direction motion (Fig. 3) . As observed for preferred direction motion, the temporal frequency tuning of the steady-state responses does not vary with variations of the pattern contrast and has an optimum at about 2 Hz. (Fig. 8B) .
Experiment VI: effect of the size of the pattern
We next studied the responses of H1 to patterns of different sizes and contrasts moving in the preferred direction of the cell. The response of the cell augmented as any of the two stimulus parameters increased (Fig.  10) . However, increments in the size of the pattern or in its contrast affected the initial transient oscillations differently. With increasing the contrast, the duration and amplitude of the transient oscillations produced by the onset of motion diminished (Fig. 10, from left to right) . On the contrary, the amplitude and duration of the oscillations were unaffected by increments in the size of the pattern (Fig. 10, from top to bottom) . Increasing the size of the pattern scaled up both, the steady-state response as well as the transient oscillations, whereas increasing the local pattern contrast altered the time course of the response leading to a reduction in the length and amplitude of the transients. These results suggest that the amount of transient oscillations in the step response does not depend on the overall activity of H1 but instead is determined by local pattern properties and the resulting local activity.
Experiment VII: mechanisms controlling adaptation of the impulse response
We showed that the impulse response of H1 shortened after motion adaptation in a similar way as the duration and amplitude of the initial transient oscillations of the step response does. Furthermore, the previous experiment (Fig. 10) revealed that adaptation during the transient period of the step response is determined by the local pattern properties of the motion stimulus. We, thus, expect shortening of the impulse response to be a local phenomenon as well.
We analyzed the impulse responses of H1 to two identical Ôtest stimuliÕ presented before and after an Ôadapting stimulusÕ, as before, but this time test and adapting stimuli were presented in either the same (Fig.  11A and B) or different ( Fig. 11C and D) regions of the visual field. Signals were processed as explained before (see text and caption to Fig. 4 ) in order to properly compare the impulse responses before and after motion adaptation. In control sweeps about 40-50 test stimuli were presented at 6 s intervals in one part of screen while the pattern remained stationary in the other part of Step and impulse responses were obtained from different animals. (B) Reduction of the impulse response (area change, mean AE SEM) of H1 after motion adaptation using stimuli of different contrasts (symbols) and temporal frequencies (abscissa, log units). For each fly, the reduction of the impulse response after motion adaptation was calculated as R ¼ ðA before À A after Þ=A before , where A before and A after represent the temporal integrals of the impulse responses before and after motion adaptation, respectively. Data were obtained from the experiment shown in Fig. 5 and represent the mean values obtained from five (open circles) and six flies (black squares). (C) Reduction of the temporal integral of the oscillation amplitude (area change) of H1 using stimuli of different contrasts (symbols) and temporal frequencies (abscissa, log units). Data were obtained from the experiment shown in Fig. 1. screen. The impulse responses evoked by test stimuli presented in the upper and lower regions of the visual field followed similar temporal courses, and were almost identical to the impulse responses observed before the presentation of the adapting stimulus in the experimental series (data not shown). Fig. 11 shows the impulse responses to the test stimuli before (black traces) and after (red traces) presentation of the adapting stimulus. When both stimuli were presented in identical regions of the eye, either the dorsal or the ventral one, the impulse response shortened after the presentation of the adapting (reduction indexes, R, calculated as explained before, were 0.57 AE 0.08 and 0.78 AE 0.05, respectively, Fig. 11A and B) . However, when adapting and test stimuli were presented in different regions of the eye, the impulse response remained almost unchanged Fig. 7 . Responses of H1 to null direction motion. In this experiment the screen was partitioned as explained in Section 2. The stimulus consisted of a square wave pattern that moved for 3 s in the null direction of the cell at the contrasts (columns: 11%, 19% and 95%) and the temporal frequencies indicated (8 values ranging from 0.1 to 16.7 Hz). The pattern remained stationary during 4 s between presentations of motion stimuli. Each stimulus condition was presented about 53-70 times to each fly. For each fly the mean responses were averaged and normalized as explained in Fig. 1 . Graphs show mean values of four flies. The mean peak spike frequency (below the resting level) for each temporal frequency and contrast is shown between parentheses. The standard error of the mean was 16.1% of the mean response (determined at 0.1 Hz, 95% pattern contrast). Note that the transient oscillations produced by the onset of motion damp faster and have smaller amplitudes at 95% than at 19% pattern contrast.
(R ¼ 0:04 AE 0:17, Fig. 11C ; R ¼ À0:09 AE 0:11, Fig. 11D ). These results corroborate earlier studies on the adaptive properties of the impulse response (de Ruyter van Steveninck et al., 1986) and demonstrate that the temporal properties of the impulse response, as those of the transient period of the step response, are determined locally within the receptive field of H1.
Discussion
The adaptive properties of the impulse response have been studied previously using an adapt-and-test paradigm (Borst & Egelhaaf, 1987; de Ruyter van Steveninck et al., 1986) . Here, we extended these investigations to the step response and demonstrated that adaptive properties play a role in the transient phase of the step response as well. We showed that the temporal course of both response transients exhibit a similar dependence on pattern contrast and temporal frequency of the moving stimulus. Furthermore, the temporal course of both responses shortens by pattern motion along the preferred and null direction (see also : Borst & Egelhaaf, 1987; de Ruyter van Steveninck et al., 1986) . Finally, in both response types, the change in the dynamics of these two transient responses turned out to be a strictly local phenomenon.
Our basic interpretation of the step response as elicited by the onset of constant pattern motion is shown in Fig. 12 . Phenomenologically, it can be decomposed into a smooth response component (red trace) onto which transient oscillations are superimposed. The smooth response component can be experimentally observed by blanking the screen before motion onset (Ôcontrast modulationÕ). The oscillations are shaped by an envelope which exhibits various common properties with the impulse response (see below). Assuming that adaptive processes shape this envelop can explain a set of rather complex phenomena where the response transients, a typical ringing with the temporal frequency of the motion stimulus, has a large amplitude at low pattern contrasts and becomes more reduced at higher pattern contrasts (Fig. 1) . Also, the ringing becomes more pronounced at extremely low or high temporal frequencies of the stimulus and is reduced in the range in between, i.e. between 1 and 10 Hz, in particularly at medium and high contrasts. In all these respects, the duration and amplitude of the transient oscillations of the step response depend on pattern parameters in a similar way as does the dynamics of the impulse response (Fig. 6 ). Any kind of saturation or other type of stationary non-linearity in the overall output signal cannot account for these phenomena since the oscillation amplitude is largest when the steady-state response is small (at low pattern contrasts), and vice versa at high pattern contrasts (Fig. 1) . As adaptation has been shown to shorten the impulse response (Borst & Egelhaaf, 1987; de Ruyter van Steveninck et al., 1986) , it is reasonable to postulate that the same process is also active during ongoing pattern motion.
Our finding of adaptation shaping the response transients in the impulse as well as in the step response leads to three questions: (i) What is the source of the signal driving adaptation?, (ii) What is the target of the adapting signal, i.e. what is being adapted?, and (iii) Where in the visual system of the fly does this adaptation occur? With respect to the first question, i.e. the source of the adapting signal, several possibilities seem feasible. As one possibility, the output level of the whole motion detection system could be used to drive adaptation. We would then expect to see a shortening of the responses with increasing output level. This, however, seems unlikely since previous investigations on the ad- aptation of the impulse response have already shown that even motion stimuli inhibiting the H1 neuron have strong effects on the response dynamics (Borst & Egelhaaf, 1987; de Ruyter van Steveninck et al., 1986) . As an alternative, a strictly local signal passing through a processing line even before the calculation of any stimulus direction could affect the properties of the motion detection system. Here we present experimental evidence that allowed us to distinguish whether adaptation is controlled by a global or a local mechanism. In the case of a global mechanism of adaptation, we expected a stronger adaptation the higher the spike rate of the H1 cell. This would have resulted in (a) a weak or no adaptation for adapting stimuli moving along the null direction of the cell, and (b) a strong adaptation no matter whether the adapting and the test stimuli were presented in the same or different areas of the receptive field.
Clearly, this was not the case (Figs. 7, 9 and 11). As has been shown previously for the impulse response (Borst & Egelhaaf, 1987; de Ruyter van Steveninck et al., 1986) , the duration and amplitude of the transient oscillations of the step response decreased after both excitatory and inhibitory motion stimuli (Figs. 1 and 7) . Moreover, the impulse response shortened only when both adapting and test stimuli were presented within the same area of the visual field (de Ruyter van Steveninck et al., 1986 , and results in Fig. 11 ). Since the response transients in the step response are likely to be driven by the same adapting mechanism, it does not come as a surprise that the damping of the initial oscillations occurs more rapidly at high stimulus contrasts, even when the stimulus moves along the null direction of the cell (Fig. 7) . As a final support for our hypothesis that a local mechanism is underlying adaptation of the Fig. 9 . Same as Fig. 7 , but the central window of the screen was blanked to a mean luminance between presentations of the motion stimuli. The pattern moved at the five contrast frequencies indicated (second to sixth rows). The graphs in the first row depict the results of an additional series in which the moving pattern was replaced by a stationary one. Each stimulus condition was presented 40-50 times to each fly. The spike frequencies were calculated as explained in Fig. 7 . Graphs show mean values of four flies. The mean peak spike frequency (below the resting level) for each temporal frequency and contrast is shown in parentheses. The standard error of the mean was 14% of the mean response (determined at 0.1 Hz, 95% pattern contrast). Note that the duration of the transient response produced at the onset of motion diminished as the contrast of the stimulus increased. response dynamics, the amplitude and duration of the initial oscillations of the step response increased, together with the steady-state response, when the area of the visual pattern was augmented (Fig. 10 , from top to bottom). However, when the area was kept the same but the local contrast was increased, the steady-state response grew but the initial oscillations went away (Fig.  10 , from left to right).
With regard to the question what is being adapted, we propose that some time-constants in the motion detection system are being shortened by the adapting signal. Accepting this, several possibilities have to be considered. In its original form, the correlation-type of motion detector which successfully accounts for many phenomena observed in fly motion vision possesses temporal filters at three different processing stages: in the input lines, before the multiplication units, and after the multiplication units (Reichardt, 1961) . Which one of these filters are most likely to be the ones that adapt has been studied previously to some extent (Harris, OÕCar-roll, & Laughlin, 1999; OÕCarroll, 2000) and will be further investigated in the companion paper (Borst, Reisenman, & Haag, 2003) using model calculations and simulations and comparing these model responses to the full experimental data set presented here.
Where in the fly visual system does adaptation occur? All the above observations are in line with a local mechanism of adaptation and allow us to discard the hypothesis that adaptation is controlled by the output spike rate of H1. A local mechanism, however, does not necessarily hint to presynaptic, columnar elements to be the locus of adaptation. In response to local visual stimulation, calcium was observed to accumulate locally in the dendrite of tangential cells of the fly, and this dendritic calcium accumulation was much less dependent on the direction of the visual stimulus than on the axonal membrane potential recorded simultaneously (Borst & Single, 2000) . Therefore, it is completely feasible that the locus of adaptation is in fact the dendrite of the tangential cell, in this case the H1, while adaptation is a strictly local phenomenon. On the other hand, nothing speaks against adaptation occurring in elements presynaptic to the tangential cells, although further experiments need to be done in order to test this possibility.
The adaptation of the response dynamics discussed so far needs to be discriminated from other forms of adaptation like a decrease in sensitivity (Harris et al., 2000; Maddess & Laughlin, 1985) . There, the steady-state response was found to depend on the stimulus history in a way that could be regarded as a shift of the contrastresponse function along the contrast axis (Ôcontrast gain reductionÕ). We interpret the smooth and slowly decaying response observed in response to high-contrast pattern motion (Figs. 3 and 9 ) as an expression of the same process. As the change in the response dynamics, this effect is elicited by preferred as well as by null direction motion (compare Figs. 3 and 9 ) and seems to be driven by the local strength of the motion stimulus instead of the overall output activity of the integrating neuron (Maddess & Laughlin, 1985) . It, thus, shares important properties with the adaptation of the response dynamics described above. Since altering the time-constants of the motion detection system will not only affect its transient response properties but also its steady-state response level, the question arises to what extent a time-constant adaptation can also account for a reduction in sensitivity. This problem, too, will be dealt with in the companion paper (Borst et al., 2003) .
What might be the function of time-constant adaptation? In general, adaptation should result in an adjustment of the sensory system to the prevailing stimulus statistics to maximize information transmission. For instance, when confronted with variations over only a small range of velocities, a motion detection system should ideally be most sensitive for slow velocities, whereas stimulus conditions covering a wide range of different velocities should result in a broad sensitivity tuning of the motion detection system. Such changes of the input-output relationship have indeed been observed experimentally and substantiated quantitatively the concept outlined above (Brenner, Bialek, & de Ruyter van Steveninck, 2000; Fairhall, Lewen, Bialek, & de Ruyter van Steveninck, 2001 ). Under which circumstances then should the time-constants of a visual motion detection system change? Using again an information theoretic approach, one possible scenario where adaptation could have a functional role is when the motion system is confronted with changes in the mean luminance level. For instance, in the first layer of interneurons of the fly visual system, the lamina, low light levels result in large noise to signal ratios. Under these circumstances, it is advantageous to average signals over space and/or time. Thus, the temporal filters should switch towards low-pass characteristics at low light levels, and towards a high-pass mode when photon noise is not a problem (van Hateren, 1992) . Here, however, we investigated changes in the response transients in the motion detection system caused by presentation of a moving stimulus without any change of luminance level. In this case, motion stimuli, by shortening the time-constant of the temporal filters, would alter the velocity dependence of the neuron. A result supporting such an idea was obtained in a different study where instead of an adapt-and-test paradigm, the visual filtering properties of H1 were investigated while the fly was confronted with ongoing white-noise motion of different amplitude (Borst, 2002) . Examining the stimulus response relationship for three different stimulus conditions, the small amplitude stimulus was found to lead to a steep input-output relationship, whereas the large amplitude stimulus lead to a rather flat slope in the input-output relationship. Interestingly, the information rate carried by the spike train of H1 remained almost unchanged for these different stimulus conditions (Borst, 2002) . This could hint to a change in the temporal filter properties in the motion detection system, similar to the observations presented here, and would substantiate the concept of information maximization as a possible function of time-constant adaptation.
